Background-free quantum frequency conversion of single photons from a 

semiconductor quantum dot 
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We demonstrate background-free quantum frequency conversion of single photons from an 
epitaxially-grown InAs quantum dot. Single photons at ~980nm are combined with a pump laser 
near 1550 nm inside a periodically-poled lithium niobate (PPLN) waveguide, generating single pho- 
tons at « 600 nm. The large red-detuning between the pump and signal wavelengths ensures nearly 
background-free conversion, avoiding processes such as upconversion of anti-Stokes Raman scattered 
pump photons in the PPLN crystal. Second-order correlation measurements on the single photon 
stream are performed both before and after conversion, confirming the preservation of photon statis- 
tics during the frequency conversion process. 
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Quantum frequency conversion [1] is a useful resource 
in interfacing quantum systems that can be connected by 
photons but which operate at disparate frequencies. It 
has been enabled by the development of high-efficiency 
frequency conversion techniques in 12| an d X^ 3 ' ma ~ 
terials 0, 5| , and been demonstrated in experiments in 
which the quantum state of a light field was shown to be 
preserved during the process [a-llll|. Other experiments 
have focused on the benefits associated with shifting the 
frequency of light to a wavel eng th band in which high- 
cfhcicncy detectors exist 
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Ideally, quantum fre- 
quency conversion should be background-free and avoid 
the generation of noise photons that are spectrally un- 
resolvable from the frequency-converted quantum state. 
Sum- and difference-frequency generation in v/ 2 ) materi- 
als [l| and four-wave-mixing Bragg scattering in v/ 3 ) ma- 
terials [17| can be, in principle, background-free, meaning 
that signal photons are directly converted to idler pho- 
tons without amplification of vacuum fluctuations, which 
can occur in processes such as degenerate four-wave- 
mixing [17] . However, other processes, such as broad- 
band Raman scattering of pump photons, may still be a 
source of noise. Indeed, frequency conversion of Raman 
noise photons is a major noise source in v/ 2 ) systems 
such as quasi-phase-matched periodically-poled lithium 
niobate (PPLN) waveguides [l3j, and was the dominant 
noise source in a recent demonstration of frequency con- 
version of single photon Fock states [8[ , limiting the pu- 
rity of the frequency-converted single photon source. 

Here, we demonstrate nearly background-free quantum 
frequency conversion of single photons from a semicon- 
ductor quantum dot. We work with quantum dots emit- 
ting in the well-studied 900 nm to 1000 nm wavelength 
range Til- 21|. and convert their single photon emission 
to 600 nm. By using a much wider wavelength separation 
between the signal and pump photons, we show that the 
signal-to-background level improves by about two orders 
of magnitude with respect to Ref. S Measurements of 
the photon statistics before and after conversion indicate 



essentially no degradation in purity of the single photon 
stream due to the frequency conversion process. 

The experimental system we use for quantum fre- 
quency conversion experiments is depicted in Fig. [TJa). 
Our source of single photons is a single InAs quan- 
tum dot (QD) in a fiber-coupled, GaAs microdisk op- 
tical cavity |22j, which is excited above the GaAs band- 
edge by a continuous wave (cw) or pulsed (50 MHz rep- 
etition rate, 50 ps pulse width) 780 nm fiber-coupled 
laser diode. While our previous work [8j was focused 
on telecommunications-band (1300 nm) to visible band 
(710 nm) wavelength conversion, here our QD emits pho- 
tons at rs 980 nm. Emission from the QD is out-coupled 
by a fiber taper waveguide (FTW) and spectrally isolated 
using a w0.2 nm bandwidth volume reflective Bragg 
grating whose input and output is coupled to single 
mode optical fiber. At this point, we can either per- 
form photon correlation measurements on the 980 nm sig- 
nal using a standard Hanbury-Brown and Twiss (HBT) 
setup [l8| . or send it to the frequency conversion setup. 
In the frequency conversion setup, we use a wavelength 
division multiplexer (WDM) to combine the spectrally- 
filtered QD emission with a strong (few hundred mW) 
1550 nm pump signal that is generated by an external 
cavity tunable diode laser and erbium-doped fiber ampli- 
fier (EDFA). Fiber polarization controllers (FPCs) are 
used to adjust the polarization state of both the 980 nm 
and 1550 nm beams. The combined signal and pump are 
coupled into a 2 cm long, 5 % MgO-doped PPLN waveg- 
uide whose temperature can be adjusted between 25 °C 
and 90 °C with 0.1 °C resolution. Light is coupled into 
the waveguide through a cleaved single mode optical fiber 
that is controlled by a 3-axis open-loop piezo stage and 
has a mode-field diameter of 5.8 /zm at 980 nm. The cou- 
pling is optimized for the 980 nm band signal, at the ex- 
pense of the 1550 nm pump (additional pump power com- 
pensates for the 1550 nm coupling inefficiency). Light ex- 
iting the PPLN waveguide is collimated and sent through 
two dispersive prisms and two 750 nm short pass edge fil- 
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FIG. 1. (a) Schematic of the experimental setups used within 
this work, (b) Plot of the 600 nm band wavelength as a func- 
tion of PPLN waveguide temperature, for a fixed 983.8 nm sig- 
nal and 1550 nm pump wavelength adjusted to maximize the 
converted signal. The inset shows the quasi-phase-matching 
response of the PPLN waveguide, with the signal fixed at 
980 nm and 1550 nm pump wavelength varied, (c) Signal- 
to-background ratio (left y-axis, blue points) and external 
conversion efficiency (right y-axis, red points) as a function 
of 1550 nm pump power coupled into the 980nm/1550nm 
WDM. The external conversion efficiency includes all losses 
in the system. The overall detection efficiency of the fre- 
quency conversion system is given as the product of the exter- 
nal conversion efficiency and the detector quantum efficiency 
(«67%)fH. 



ters (SPFs) to eliminate residual 1550 nm pump photons 
and frequency doubled 775 nm pump photons from the 
signal. A second HBT setup is used to measure photon 
statistics of the frequency converted signal. 

We assess the properties of the frequency conversion 
setup by using a narrow (<5MHz) linewidth 980 nm 
band laser attenuated to a power level of « 30 fW, simi- 
lar to the expected average power levels of our QD sin- 
gle photon sources. First, we measure the quasi-phase- 
matching bandwidth of the PPLN waveguide. The tem- 
perature of the PPLN waveguide is set to 58.8 °C, and 
the 1550 nm pump power is set to «800mW, close to 
the value at which we achieve optimal conversion ef- 
ficiency (described further below). We then scan the 
1550 nm pump wavelength while monitoring the fre- 
quency converted 600 nm band signal on a silicon single- 
photon avalanche diode (SPAD), as shown in the inset to 
Fig. [TJb) . The curve approximately follows the theoreti- 
cally expected sine 2 response 0] , and the inferred band- 
width in the 980 nm band (determined by energy conser- 
vation) is «0.20nm. We next repeat this measurement 
while keeping the signal wavelength fixed at 983.8 nm and 
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(b) Filtered QD emission 
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FIG. 2. (a) Low-temperature fi-PL spectrum of device Ml 
under above-band cw excitation (Xexc. ~ 780 nm), showing 
a single QD emission and a nearby cavity mode (Q = 12500) 
around 970 nm. (b) Spectrum of QD emission filtered by 
a volume Bragg grating, (c)-(d) Second-order autocorrela- 
tion function measurements performed on the QD emission 
line before and after the frequency conversion resulted in 
g {2) (0) = 0.33 ± 0.03 and g (2) (0) = 0.24 ± 0.04, respec- 
tively, inset: Time-resolved PL of the QD emission revealed 
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= 6.5 ns ± 0.1 ns. 



varying the PPLN waveguide temperature. The result- 
ing plot of frequency converted wavelength in the 600 nm 
band against PPLN waveguide temperature is shown in 
Fig. [T|b), and indicates that the output emission can 
be tuned by « 2 nm. This tuning would be needed for 
precise spectral matching of the frequency-converted sin- 
gle photons with a resonant quantum system operating 
near 600 nm. We also perform experiments in which the 
980 nm signal wavelength is varied, and the PPLN waveg- 
uide temperature and 1550 nm band pump wavelength 
are adjusted to achieve phase-matching. We observe that 
we can efficiently (> 35 % external conversion efficiency) 
convert signals in the wavelength region between 970 nm 
and > 995 nm (the upper wavelength limit of our laser), 
covering nearly the entire s-shell emission range of the 
QD ensemble. This means that QDs emitting at dif- 
ferent wavelengths (unavoidable due to size dispersion 
during growth) can be frequency converted to the same 
wavelength. 

In our previous work [§j, in which the signal was 
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at 1300 nm and pump at 1550 nm, frequency conver- 
sion of anti-Stokes photons generated by Raman scat- 
tering of the 1550 nm pump was thought to be the dom- 
inant source of noise, limiting the achievable signal-to- 
background levels to about 7:1 (and as low as 2:1 for the 
highest conversion efficiencies) . Use of a pulsed pump at 
1550 nm [2~ij ] removes background emission that is tempo- 
rally distinguishable from the single photon emission, but 
does not improve the signal-to-background level. While 
better spectral filtering docs improve this (> 10:1 signal- 
to-background levels were reported in a recent single pho- 
ton downconverison experiment 11|), it is perhaps more 
desirable to suppress the source of the noise, for exam- 
ple, by increasing the separation between the signal and 
red-detuned pump l| 25, Hf|. Here, our pump-signal 
separation is nearly 600 nm, suggesting that the signal- 
to-background levels might be significantly improved. To 
test this, we measure (Fig.QJc)) the signal-to-background 
level as a function of 1550 nm band pump power, deter- 
mined by comparing the ratio of the detected counts on 
the SPAD with and without the presence of the 980 nm 
band signal (and after subtraction of the SPAD dark 
count rate of * 50 s _1 ). On the same graph, we plot 
the external conversion efficiency of the system, which in- 
cludes all PPLN waveguide input/output coupling, free- 
space transmission, and spectral filtering losses (detec- 
tor quantum efficiency is not included). At the lowest 
1550 nm pump powers (measured at the input of the 
980nm/1550nm WDM), for which the conversion effi- 
ciency is just a few percent, the signal-to-background 
level exceeds 1000. As the pump power increases, the 
signal-to-background level decreases, but still remains 
above 100 for all but the highest 1550 nm pump powers, 
where the conversion efficiency has begun to roll off. For 
the experiments that follow, we operate with a 35 % to 
40 % external conversion efficiency, slightly higher than 
that used in ref.HI, and a signal-to-background level >100, 
exceeding that used in our previous work by nearly two 
orders of magnitude. As the PPLN incoupling efficiency 
is « 60 %, and the transmission through all optics after 
the PPLN waveguide is rj 80 %, the internal conversion 
efficiency in the PPLN waveguide is > 70 %. 

As mentioned above, single InAs QDs embedded in mi- 
crodisk cavities are used as true single photon sources for 
the quantum frequency conversion experiments. Here, we 
present results from two microdisk devices named as Ml 
and M2. FigureEJa) shows a low temperature (T = 10 K) 
micro-photoluminescence (/z-PL) spectrum of device Ml, 
which was obtained under cw excitation with an energy 
above the GaAs bandgap. Two bright lines seen in the 
spectrum are identified as a neutral excitonic emission 
from a single QD (970.2 nm) and a cavity mode emission 
(969.8 nm) with a quality factor Q= 12500. The iden- 
tification of the lines is done based on their excitation 
power dependence, which revealed first a linear increase 
with the power and then a clear saturation for the QD 



line, while the cavity mode emission dominated the spec- 
trum at elevated power conditions as expected. For fur- 
ther investigations, the QD emission line was spectrally 
filtered by using a volume Bragg grating whose output 
was coupled to a single mode fiber. Figure[U(b) shows the 
filtered spectrum of the QD emission with almost 60% 
total transmission. The filtered PL spectrum was first di- 
rected to a time-correlated single-photon counting setup 
for time-resolved PL measurements. The lifetime 2jj of 
the emission is estimated as Tf ast = 1.12 ns ± 0.05ns 
(inset of Fig. |2Jb)), close to the values measured for QDs 
in bulk material, and indicates almost no influence of 
the cavity mode on the radiative properties of the QD 
emission due to large spectral mismatch. 

The single-photon nature of the collected PL from the 
QD is verified by measuring the second-order correlation 
function g^(r). An auto-correlation measurement was 
performed on the filtered QD emission under similar ex- 
citation conditions close to the saturation power, the re- 
sult of which is shown in Fig. GJc). A clear photon anti- 
bunching dip is observed at r — delay with g^(0) — 
0.33 ± 0.04 < 0.5, indicating the quantum nature of 
the measured emission line |28f . Having demonstrated 
the true single-photon generation, the filtered PL was 
directed to the frequency conversion setup, which was 
pre-aligned for the optimum conversion efficiency and 
signal-to-background ratio by using a cw tunable laser 
at the exact QD emission wavelength, as described be- 
fore. Figure [2fd) shows the result of an auto-correlation 
measurement performed on the QD emission line (same 
excitation conditions as in Fig. [21(c)), now converted to 
600 nm and directed to a free-space HBT setup as shown 
in Fig. HJa). The antibunching dip observed at zero- 
time delay is measured as g^(0) = 0.24 ± 0.04 < 0.5 
demonstrating that the converted signal is mainly com- 
posed of single-photons, as expected. Due to the narrow 
bandwidth of the frequency conversion process providing 
an additional spectral filtering, the antibunching value 
observed after the conversion is improved. 

Similar measurements were carried out under pulsed 
excitation conditions on device M2. Pulsed measure- 
ments provide a convenient way to judge the background 
levels in the the conversion process, as any noise due 
to the strong 1550 nm cw beam will uniformly increase 
the coincidence rates at all times whereas the QD 
emission is peaked at times corresponding to the repe- 
tition period of the excitation laser. They also better 
represent how such a system might be used in applica- 
tions for which triggered single photon emission is de- 
sirable. The PL spectrum for device M2 is shown in 
Fig. 3(a), where a bright single QD emission line at 
977.04 nm is visible next to a cavity mode at 976.65 nm 
(Q = 4300). Figure [3](b) shows the filtered QD emission 
and the result of time-resolved PL measurement as an 
inset. The lifetime of the QD emission is estimated as 
Tfast = 0.93 ns ± 0.05 ns, indicating again almost no in- 
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FIG. 3. (a) Low-temperature fi-PL spectrum of device M2 
under above-band pulse excitation (Xexc. = 780 nm). A 
bright QD emission and a cavity mode emission with a qual- 
ity factor Q = 4300 are visible around 977 nm. (b) Spec- 
trum of QD emission filtered by a volume Bragg grating. 
(c)-(d) Second-order autocorrelation function measurements 
performed on the QD emission line before and after the fre- 
quency conversion resulted in g {2) (0) = 0.23 ± 0.04 and 
c/ (2) (0) = 0.17 ± 0.03, respectively, inset: Time-resolved PL 
of the QD emission revealed Tf as t = 0.93 ns ± 0.05 ns and 
T a i ow = 12.4 ns± 0.1ns. 



fluence of the cavity mode. Before performing frequency 
conversion, the emission was directed to the HBT setup 
for photon correlation measurements. A result of such 
an experiment is shown in Fig. [3jc), where the QD was 
excited with a pump power close to its saturation. A 
strong suppression of the peak at zero time delay to a 
value of g (2) (0) = 0.23 ± 0.04 < 0.5 is observed, thus 
proving that the filtered PL line is emitted from a sin- 
gle QD [29} . An auto-correlation measurement was then 
performed on the QD emission after it was converted to 
600 nm. As shown in Fig.[3][d), the single-photon nature 
of the QD emission was preserved during the conversion 
process, proven by the value of g^(0) = 0.17 ± 0.03. 
The slightly better value of g^ 2 \0) is a result of the ad- 
ditional filtering provided by the conversion setup. We 
note that the relatively low coincidence counts observed 
in Fig. IH^d) are due to the use of a single mode fiber 
coupled HBT setup for this experiment, where the single 
mode fiber in-coupling efficiency was 30%. 



In summary, we have demonstrated quantum fre- 
quency conversion of single photons emitted from a quan- 
tum dot. Photons at 980 nm are converted to 600 nm 
with a signal-to-background ratio larger than 100 and 
external conversion efficiency above 40 %. Straightfor- 
ward engineering of the PPLN waveguide may allow for 
interfacing commonly-studied 900 nm to 980 nm band 
quantum dot single photon sources 18M2l| with quan- 
tum memories near 600 nm, such as in rare-earth doped 
crystals [3(1] and neutral atoms 31 [ . 
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